Experiment
During the last quarter, a fibrous monolithic material with a good combination of hardness and fracture toughness was successfully produced by hot pressing at 1150°C under 5 ksi. The sample shows the potential of better mechanical properties than the conventional WC/cobalt materials. Drill bit buttons made of this material will be produced either by pressureless sintering or hot isostatic pressing in a commercial production. Our industrial partner, ACR, prefers pressureless sintering because of lower production cost. However, the extrusion manufacturing and complex microstructure of the monolithic material may cause difficulty of consolidation. Hot isostatic pressing is an alternative route to overcome the difficulty but with a price of higher production cost.
The experiment conducted in this quarter aimed at 1) evaluating the mechanical properties of a HIPped sample, 2) improving extrusion process, and 3) refining binder removal and sintering process.
Microstructure and mechanical properties of HIPped specimen
The specimen (ACR-B1-HIP-1) HIPped at 1100°C under 60 ksi during the last quarter was cut into halves, one for the examination on the cross-section normal to the extrusion axis and one for the examination on the cross section parallel to the extrusion axis. The two resulting specimens were mounted, polished, tested using a Vicker's hardness tester and examined under a microscope.
Extrusion improvement
The microstructure of the first batch of fiber reinforced material was not homogeneous. ACR changed the recipe and optimized the extrusion procedure for the second batch. The second batch contained 94 wt% WC + 6 wt% cobalt in the cells and 17.5 vol% cobalt in the shells.
Binder removal and sintering
The binder in the fiber reinforced material needs to be removed by slow burning. The space left over by the binder need to be closed by sintering. Specimens after binder removal and sintering process conducted in the last quarter showed bubbles and cracks on surfaces and bodies. Several specimens were processed at lower heating rates and sintered at different temperatures in a vacuum furnace in this quarter to see if this problem can be solved.
Results and Discussion

Microstructure and mechanical properties of HIPped specimen
Figs 1 to 3 show the microstructure of the cross-section normal to the extrusion axis. The hexagonal WC/cobalt fibers are bundled by cobalt shells (Fig 1) . The shells are very thin (Fig 2) . Remaining pores can be seen in Figs 2 and 3, which mean that the HIPping temperature is not high enough to Table 1 gives the Vicker hardness test results. The hardness is lower than 1157 of the specimen produced by hot pressing. Microscope observation on the indents show that many cracks are generated near the tips of indents or along the cobalt line (Fig 9 to 15 , 18 and 20). Higher load indentation produced irregular shapes of indents. It is obvious that some material underneath the indents are collapsed (Figs 16, 17 and 19) , which indicates that pores may exist there. In comparison with the specimen produced by hot pressing, the hot pressed specimen has no cracks after indentation test but this HIPped specimen has many cracks. This means the HIPped specimen has much lower fracture toughness. All microstructure and mechanical test results tell that the specimen is not fully dense and porosity is the main reason to cause unsatisfied mechanical properties. To solve the problem, increasing HIPping temperature should be the first choice to close the remaining pores. ACR: material prepared by ACR. B1: batch one. HIP: consolidation by HIP. 1: first HIP. N: specimen cross section normal to the extrusion axis. P: specimen cross section parallel to the extrusion axis ID: after indentation. a1: spot a, photo 1. a2: spot a, photo 2.
Extrusion improvement
ACR designed a new recipe and produced a 0.865" in diameter and 4" long bar from the second batch of material. Cross-section examinations (Fig 21 and 22 ) show great improvement of extrusion homogeneity. 
Binder removal and sintering
Conclusion
HIPping temperature higher than 1100°C is required to achieve fully dense monolithic material. Heating rate slower than 0.25°C/min from 25°C to 500°C is not sufficient to prevent cracking. Extrusion homogeneity can be improved.
